A study was carried out of ammonium ion sorption from synthetic aqueous solutions by Transcarpathian clinoptilolite, a natural zeolite, under static conditions. The main physical properties of the clinoptilolite and the basic parameters of its porous structure were determined. Values of the specific surface area and of the pore volume occupied by sorbed substances were calculated using the relative moisture content established and the maximum sorption capacity exhibited towards ammonium ions as well as a nitrogen adsorption/desorption method. Ammonium ion sorption by the zeolite appeared to be complete within 24 h for all fraction sizes, initial NH concentration and decreasing adsorbate volumes, with the maximum sorption capacity exhibited by the clinoptilolite being 0.64 mequiv/g. The sorption effectiveness decreased somewhat with increasing fraction size. The Langmuir and Freundlich models were applied to the data obtained from the batch studies with the first model exhibiting the more satisfactory correlation coefficient value (0.996 and 0.959, respectively).
INTRODUCTION
The pollution of surface and ground waters by mineral forms of nitrogen is quite common, with the loss from irrigated cropland and untreated industrial, municipal and agricultural wastewater streams providing the sources of environmental pollution of an anthropogenic character. Elevated levels of nitric compounds in natural waters not only complicate the use of freshwater resources, but also have a negative influence on the ecological state of water and the surrounding objects. The most effective natural process for reducing the content of nitrate(V) ions in water, i.e. the stable form of nitrogen in surface and sub-surface waters under oxidation conditions, is dilution with fresh water. However, this process is often impossible in sub-surface aquifers due to recharge sources, filtration velocities and water volumes. Hence, the prevention of nitrogen pollution by the removal of ions from wastewater is a necessary stage of a great importance. NH 4 + *Author to whom all correspondence should be addressed. E-mail: bbusz@chem.uni.torun.pl. Among the technologies for ion control are processes such as air stripping, breakpoint chlorination, nitrification/denitrification, adsorption by activated coal, chemical coagulation and ion exchange (Tsitsishvili et al. 1985) . The advantages of the latter process became more obvious when effective, low-cost materials were used as exchangers.
The natural zeolites are cheap materials which are readily available in large quantities in many parts of the world. These have become especially important in the purification of water (Misaelides et al. 2003) . Being a natural zeolite with a representative unit-cell formula of (Na 3 K 3 )(Al 6 Si 30 O 72 )•24H 2 O, a void volume of 34%, channel dimensions of 3.9 × 5.4 Å and a cation-exchange capacity of 2.16 mequiv/g, clinoptilolite seems to be the most attractive material for the removal of ions from drinking water and wastewater because of its ion selectivity and good performance towards ion sorption at low temperatures (Tsitsishvili et al. 1985; Mumpton 1999 ). An additional advantage is the ability to use -saturated zeolite as a nitrogen fertilizer without regeneration rather than the toxic admixtures normally present in sewage. This reduces nitrogen loss from irrigated soils, decreases the number of nitrogen applications to crops and prevents sub-surface water pollution (Tsitsishvili et al. 1985) . Because of its preference for large cations, including , clinoptilolite is used for the removal of ions from municipal sewage effluent as well as in agricultural and aqua-cultural applications.
Large-scale cation-exchange processes using natural zeolites were first developed by Ames (1967) and Mercer et al. (1970) who demonstrated the effectiveness of clinoptilolite for extracting ions from municipal and agricultural waste streams (Mumpton 1999). Various aspects of ion removal from aqueous solutions by clinoptilolite have been investigated by many researchers. Thus, the removal of ions from municipal wastewater was studied by Koon and Kaufman (1975) and Ershov et al. (1985) , while Polyakov et al. (1979) studied the same process from livestock farm wastewater. Gaspard et al. (1983) examined the ion removal characteristics from drinking water of clinoptilolite. Schoeman (1986) 
removal from underground mine water by South African clinoptilolite (Pratley) and compared it with Hector clinoptilolite from the USA. Demir et al. (2002) studied the capacity of Bigadiç clinoptilolite (Turkey) for removing ions from synthetic aqueous solutions under varying conditions. Murphy et al. (1978) investigated the ion-exchange ability of clinoptilolite tuffs from various USA deposits towards to ions. Nikolina (1979) analyzed the cation-exchange capacity of clinoptilolite derived from various deposits in the USSR (Dzegvi, Georgia; Transcarpathian deposits of the Ukraine; Noembryan, Armenia). From the results of these two studies, it was concluded that the cation-exchange capacity of clinoptilolite from different sources towards ion removal varied by up to 1.7-times. In addition, Haralambous et al. (1992) compared the capacities of natural and synthetic zeolites towards ion removal from aqueous solution. Zeolites remove ions from aqueous solutions by exchange with cations or by adsorption in the pores of aluminosilicate systems. Thus, ion exchange prevails when the ion concentration is equal to or lower than the concentration of exchangeable cations in the zeolite. Similarly, the adsorption process begins to predominate as the ion content of the system increases (Jorgensen et al. 1976) . The cation-exchange capacity of clinoptilolite tends to increase with an increase in the relative content of alkaline metal cations but is independent of the alkaline-earth cation content of the mineral (Nikolina 1979) . Tsitsishvili et al. (1985) and Demir et al. (2002) established that the effectiveness towards ion removal increases as the zeolite particle size decreases.
The cation-exchange capacity depends on the presence of other cations in the aqueous phase and the initial ion concentration (Ames 1967; Polyakov et al. 1979; Gaspard et al. 1983; Lin and Wu 1996; Singh and Prasan 1997; Kithome et al. 1998; Demir et al. 2002) . Because of the high selectivity of zeolites towards the potassium ion, it is the main competitor in the removal of ions from aqueous solutions by clinoptilolite (Polyakov et al. 1979; Mumpton 1999) . The amounts of ions sorbed by clinoptilolite increase as the initial concentration of ions increases in the system, with ion adsorption and desorption by zeolites being diffusion-controlled (Kithome et al. 1998) . Since ion exchange is an endothermic process, an increase in temperature tends to increase the effectiveness of natural zeolites towards the removal of ions (Nikolina 1979; Lin and Wu 1996) . The pH value is also an important factor in the cation-exchange purification of water, because only the ionized form of ammonium can be removed by the cation-exchange process. Hence, for optimum operations, the pH of the aqueous solution must be maintained at or below 7 (Tsitsishvili et al. 1985; Demir et al. 2002) . Kithome et al. (1998) established that the amount of ions sorbed by clinoptilolite increased as the pH was increased from 4 to 7.
The cation-exchange capacity of clinoptilolite is influenced significantly by chemical and physical pretreatment and the loading or regeneration of the zeolite (Murphy et al. 1978; Nikolina 1979; Polyakov et al. 1979; Klieve and Semmens 1980; Tarasevich et al. 1985; Ershov et al. 1985; Demir et al. 2002) . In addition, Eshov et al. (1985) have investigated the adsorption properties of Transcarpathian natural zeolites towards ammonium compounds in aqueous solutions and analyzed the use of the Transcarpathian clinoptilolite for extracting cations from Kiev sewage. The same zeolite sorbent from the Sokyrnytsya deposit has been used as a filter in the purification unit of the water station system in the Polonne Khmelnitsky region (Tarasevich et al. 1985) .
The purpose of the present work was to investigate the sorption characteristics of the natural zeolite, Transcarpathian clinoptilolite, towards ions under static conditions. The main physical properties of as-extracted clinoptilolite samples and their basic porous structure parameters were determined. The equilibrium parameters for the sorption of ions from synthetic aqueous solutions by Transcarpathian clinoptilolite have been established.
EXPERIMENTAL

Samples and chemicals
Clinoptilolite rock samples from the Sokyrnytsya deposit (Transcarpathian region, Ukraine) containing 70-75% clinoptilolite were used in the study. Quartz, calcite, biotite, muscovite, chlorite and montmorillonite were found to be the main contaminants of such samples. The characteristics of the zeolite adsorbent used are listed in Table 1 . It will be noted that the exchange cations were Ca 2+ , Mg 2+ , Na + and K + , with the latter being the most prevalent (Val'ter et al. 1975) . The clinoptilolite samples were ground in a metal mortar and divided by mechanical sieves into the following size fractions: 0.1-0.16; 0.16-0.25; 0.25-0.315; 0.315-0.5; 0.5-1.0; and 1.0-2.0 (mm). Each fraction was washed with distilled water to remove any turbidity. Then, one part of every fraction was dried at room temperature (air-dried) while the other parts of two fractions (0.5-1.0 and 0.16-0.315 mm) were dried at 110°C for 2.5 h to remove any adsorbed water. Finally, the clinoptilolite samples were stored in a desiccator before use.
Ammonium chloride stock solution (1000 mg/l ) was prepared by dissolved NH 4 Cl (A.R. grade) in deionized water. Synthetic samples of aqueous solution were prepared by adding appropriate amounts of NH 4 Cl stock solution to deionized water to obtain ion concentrations of 5, 10, 20, 40, 50, 100, 200 and 400 mg/l, respectively. 
Tests of physical properties
The relative moisture content of the clinoptilolite was determined by drying the rock samples at 110°C to constant weight (as determined by thermometric methods). The specific gravity was determined by picnometric methods with a measurement error of 0.02 g/cm 3 . The volume density of the dried rock was analyzed by hydrostatic weighing after preliminary treatment with paraffin, the porosity being calculated from the determined values of the specific gravity and volume density.
Sorption kinetics
Six replicate amounts of each size fraction of the air-dried clinoptilolite (0.5 g) were placed individually into 50 ml of a 10 mg/l NH 4 Cl contained in 330-ml volume glass tubes. Each tube was shaken separately. Samples were then taken periodically (after 0.5, 1, 2, 4, 8, 16, 24 and 48 h), filtered and the ion concentration in the aqueous phase determined.
Batch experiments
The sorption of ions by a given clinoptilolite sample was studied using the batch equilibrium method in four phases. In the first phase, six replicate amounts of each size fraction of the air-dried clinoptilolite (0.5 g) were shaken singly with 10, 25, 50 and 100 ml of NH 4 Cl solutions of 50, 20, 10 and 5 mg/l concentration, respectively. After 24 h, the ion concentration in the aqueous phase was determined after filtration of each sample. In the second phase of the study, six replicate amounts of each size fraction of the air-dried clinoptilolite (0.5 g) were shaken singly with 50 ml of 10, 20, 40, 100, 200, 400 and 1000 mg/l NH 4 Cl solutions with the ion concentration in the aqueous phase being determined after 24 h following filtration of each sample. In the third phase of the experiment, four replicate amounts of two fractions (0.5-1.0 and 0.16-0.315 mm) of air-dried and 110°C-dried samples of clinoptilolite (0.5 g) were shaken singly with 50 ml of 40 mg/l NH 4 Cl solution with the ion concentration in the aqueous phase being determined after 24 h following filtration of each sample.
Chemical analysis
The ion concentration in the aqueous phase was determined using the standard Nessler reagent method employing a Perkin-Elmer 402 UV spectrophotometer. method was 0.1 µg/ml, the measurement error ranged from 0.1 to 0.2 µg/ml while the reproducibility error was 0.1-0.5 µg/ml.
Evaluation of sorption parameters and modelling
The specific surface area of the clinoptilolite was calculated using the relative moisture content of the original rock sample as determined by thermometric methods, while the maximum sorption capacity towards ions was evaluated via the following expression (Dubinin 1985 ) assuming monolayer adsorption: (1) where S is the specific surface area of the sorbent (m 2 /g); A m is the monolayer capacity of the sorbed molecules expressed as mmol/(g sorbent); Ω is the area occupied by one sorbed molecule of water in the monolayer (m 2 ); and N 0 is Avogadro's number. The pore volume of sorbent occupied by water molecules at room temperature was also calculated on the basis of the relative moisture of the sorbent as determined in this study by thermometric methods via the expression: (2) where W is the pore volume occupied by water molecules at room temperature (cm , where r is the radius of a water molecule (cm)]; N 0 is Avogadro's number; and M is the amount of water occupying the sorbent porous volume as determined by thermometric methods (mmol/g).
The pore volume of the sorbent occupied by ions was also calculated employing the maximum sorption capacity towards ions as determined in this study using equation (2), where W is the pore volume occupied by ions at the maximum sorption capacity (cm 3 ); W 0 is the volume of one ion (cm 3 ) [W 0 = 4/3πr 3 , where r is the radius of the ion (cm)]; N 0 is Avogadro's number; and M is the amount of ions occupying the porous volume of the sorbent at the maximum sorption capacity (mmol/g).
The equilibrium ion adsorption from aqueous solution was determined from the formula:
where q is the amount of ions sorbed at equilibrium [mg/(g sorbent)]; C 0 is the initial concentration of ions (mg/l); C e is the equilibrium concentration of ions (mg/l); V is the volume of solution from which adsorption occurs (l); and m is the adsorbent mass (g).
The sorption effectiveness was calculated from the following formula:
where E is the sorption effectiveness (%); m e is the mass of ions sorbed at equilibrium (mg); and m 0 is the initial mass of ions in the aqueous solution(mg). 
Adsorption of Ammonium Ions onto Natural Zeolite: Transcarpathian Clinoptilolite
The adsorption of ions was evaluated by means of the first-order kinetic, Langmuir, Freundlich and linear models. The first-order kinetic model may be expressed by the following equation: (5) where C is the ion concentration in the aqueous phase (mg/l) after time t (h); C 0 is the initial concentration of ions (m); and K 1 is the velocity constant. The Langmuir equation may be written as: (6) where K L (K L = aM) and a are the Langmuir model parameters while M is the adsorption maximum, all other symbols having been explained already.
The Freundlich equation may be written as: (7) where K F and n are empirical constants, with all other symbols having been explained already. The linear model may be considered as similar to the Freundlich equation with the parameter n being set equal to unity: (8) where K d is called the partition coefficient.
The goodness-of-fit of the model to the experimental data was checked by comparison of the correlation coefficient R 2 and the standard error S E . The CurveExpert 1.37 freeware program was used in all the calculations with the confidence level set at 95%.
RESULTS AND DISCUSSION
The following results were obtained on the basis of our measurements of the physical properties of the original sorbent: relative moisture content of clinoptilolite sample, 6.18%; specific gravity, 2.38 g/cm 3 ; volume density of dried rock, 1.68 g/cm 3 ; and porosity, 29.4%. The progress of the sorption process was followed until sorption equilibrium had been attained. Sorption of ions appeared to be complete on all six samples within 24 h. The corresponding kinetic data for air-dried clinoptilolite of fraction size 0.5-1.0 mm are depicted in Figure 1 .
The results demonstrate that the first 50% of the ions were sorbed during the first 7 h, with a further ca. 40% being sorbed during the next 17 h and the extraction process being virtually complete after 24 h. The difference between the rate of ion removal during the first 7 h and that in the following period may be connected either with different mechanisms for the process over these stages (ion exchange and adsorption) or with the different localization of adsorption centres (on the surface or within the internal porous structure, respectively).
The direct dependence of sorption on the initial ion concentration in solution and the indirect dependence on the adsorbate volume may be explained by increasing diffusion control of Table 2 . The sorption ability of the air-dried clinoptilolite and of the sample dried at 110°C towards ions decreased somewhat as the fraction size of the sorbent increased (Figure 2 ). The more effective ion adsorption by the finest fraction of clinoptilolite may have been due to increased accessibility of the internal pore structure in the smallest particles.
In contrast to the sorption capacity, the relative effectiveness of ion sorption by clinoptilolite decreased with increasing initial ion concentration in the solution (Table 3) . The maximum sorption capacity of the air-dried clinoptilolite towards ions as evaluated at an initial ion concentration of 1000 mg/l was 11.6 mg (0.64 mequiv) per gram of sorbent. The data listed in Table 4 demonstrate the insignificant growth in ion sorption as the drying temperature of the clinoptilolite was increased from 20°C to 110°C, probably as a result of the partial removal of water sorbed in the porous structure. Because of the different nature of the sorbed substances, the values for the specific surface area and the occupied porous volume of the sorbent calculated for water and ions varied over a wide range (Table 5 ). The plots of the experimental data for the sorption of ions onto clinoptilolite of 0.16-0.315-mm fraction size using equations (5), (6) and (7) Table 6 where they are compared with the data for the Langmuir and Freundlich model parameters obtained for ion sorption onto Bigadiç (Turkey) clinoptilolite obtained by Demir et al. (2002) . The maximum adsorption value obtained for the Transcarpathian clinoptilolite was ca. twice as large as the corresponding value for the Bigadiç clinoptilolite, as calculated from the batch experimental results of Demir et al. (2002) .
CONCLUSIONS
The time necessary to achieve adsorption equilibrium for ions from aqueous solution onto Transcarpathian clinoptilolite was 24 h irrespective of the fraction size, initial ion concentration in the solution and the adsorbate volume. The first-order kinetic model provided a good description of ion sorption by clinoptilolite. The amounts of ions sorbed increased with increasing initial ion concentration and decreasing adsorbate volume, thereby demonstrating the importance of diffusion in the adsorption process. The maximum sorption capacity of ions from aqueous solution attained at an initial ion concentration of 1000 mg/l was 11.6 mg (0.64 mequiv) per gram of sorbent. The effectiveness of ion sorption by the clinoptilolite samples decreased somewhat as the fraction size of the solid particles increased from 0.1-0.16 to 1.0-2.0 mm. The Langmuir and Freundlich adsorption models were applied to the data obtained from the batch studies. The Langmuir isotherm which assumes the formation of an adsorption monolayer gave a more adequate value for the correlation coefficient compared to that for the Freundlich isotherm. 
